cultures with yields of 65 % of the sugar supplied. Our initial investigation of the fermentation has been extended to a semipilot-plant scale with 20-liter fermentors.
Fumaric acid is well established as an article of commerce in the United States. The estimated 1959 production of fumaric acid was about 10 million pounds, most of which was utilized by the plastics industry in polyester and alkyd resins, and the remainder went to lesser volume uses such as rosin adducts, varnishes, and foods. The fermentative production of fumaric acid, if favored by a cheap source of sugar, could become economically important. A previous publication (Rhodes et aL., 1959) cultures with yields of 65 % of the sugar supplied. Our initial investigation of the fermentation has been extended to a semipilot-plant scale with 20-liter fermentors.
MATERIALS AND METHODS The 20-liter fermentors were constructed of stainless steel and equipped with facilities for the continuous control of pH by automatic addition of sterile alkali. Detailed descriptions of these fermentors and their pH control system have been published by Jackson (1954, 1956 ). Fermentations were made at a 10-liter operating volume. Agitation rates were established with a tachometer, aeration rates by measurement of the effluent air flow. Addition of sterile 5 N alkali was made from a reservoir attached to each fermentor and was controlled by a solenoid-type valve actuated through an automatic titration device connected to pH electrodes in the fermentor. This system maintained the pH of the fermentation medium within 0.1 of a pH unit. The pH of the fermentation medium initially was 6.6 to 6.8. Ordinarily, less than 2 hr of fermentation time were required to achieve the optimal operating pH range of 5.8 to 6.0; hence, initial adjustment with sterile acid was not required.
Essentially the same medium previously found optimum for flask fermentations was satisfactory for the 20-liter fermentors. KH2PO4, 0.4 g; MgSO4 7H20, 0.4 g; ZnSO4.7H20, 0.044 g; iron tartrate, 0.01 g; and corn steep liquor, 0.5 ml, were incorporated per 1,000 ml fermentation volume. A commercial corn sugar closely approximating glucose monohydrate was employed as the fermentable carbohydrate. The fermentation medium containing the 
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was observed in the flask experiments. Since the use of potassium hydroxide was not more successful in fermentations than was the use of sodium hydroxide (Table 1) , inhibition of acid production apparently was more sensitive than was the inhibition of growth. The mold could be adapted with difficulty to tolerate greater concentrations of either sodium or potassium fumarate by successive transfer on media containing increasingly higher concentrations of the given salt. However, these characteristics were not sufficiently stable to provide a strain of 2582 which could be used in fermentations. Inhibition of fumarate formation occurred as the concentration of sodium or potassium fumarate approached 3 %.
As shown in Table 1 , the optimal pH range for fumarate production was 5.8 to 6.2. Fermentations employing alkali routinely were maintained at pH 6.0. A suitable temperature for this fermentation in fermentors, as in flasks, was about 33 C ( Table 1) .
Yields of sodium fumarate obtained when different concentrations of glucose were supplied in fermentors are shown in Table 2 . Continuous addition (each minute) of glucose did not significantly increase yields of fumarate compared to yields obtained from the same amount of glucose supplied in a single initial batch. However, a somewhat greater rate of sugar utilization was obtained with continuous feed. Sterile glucose was added dropwise from a 50 % solution through a solenoid valve actuated by a timing device. It was possible to predict the rate of sugar utilization and thus to maintain glucose concentrations in the fermentors within 0.5% over a 40-to 50-hr period until the desired total amount was supplied.
Calcium fumarate production in 20-liter fermentors. A portion of the results of experiments on the production of calcium fumarate in 20-liter fermentors is summarized in Table 3 . It is apparent that, as contrasted to sodium or potassium fumarate formation, highly efficient fermentative production of calcium fumarate was realized from a wide range of glucose concentrations. Yields of 65 g of fumaric acid from each 100 g of sugar fermented were obtained by the fermentation of glucose concentrations between 10 and 16 %. The optimal amount of nitrogen supplied as (NH4)2S04 was 34 to 42 mg per 100 ml of fermentation medium; the greater amount in the range often was most suitable when higher sugar levels were fermented or when smaller amount of inocula were employed. For brevity, only the results obtained by the use in the fermentation of 180 mg (NH4)2SO4 per 100 ml (38 mg N/100 ml) are included in Table 3 .
The rapidity of the fermentation can be noted from the data. The peak of acid production ordinarily occurred in the 24-to 48-hr fermentation period when 50 to 75 ml of 0.1 N acid per 100 ml of fermentation liquid were produced each hour. Conversion of glucose to fumaric acid sometimes approached 90 % during this period. As insoluble calcium fumarate accumulated, the medium became thick, not unlike thin mortar or plaster, and was thixotropic. Fermented media containing appreciable calcium fumarate almost immediately set to a gel on standing at room temperature but were quite fluid when agitated or heated. Sufficient calcium fumarate was present, during much of the fermentation of any of the sugar concentrations used, to thicken the fermentation medium appreciably. The mold growth was finely dispersed and intimately intermixed with calcium fumarate and, in incomplete stages, with CaCO3. This condition was indicative of effective fermentation.
Diminution of efficiency in late stages of the fermentation suggests that the continuous presence of solids in the medium and the thickened consistency which developed with calcium fumarate accumulation may result in less effective aeration. Higher rates of air flow up to 1.0 v:v:min were beneficial in fermentations for the production of sodium fumarate, but rates greater than 0.5 v:v:min were not useful with the thicker medium encountered when calcium fumarate was formed. Agitation rates influence oxygen absorption more greatly than do aeration rates in fermentation media which contain particulate material (Brierley and Steel, 1959) . A 300-rev/min agitation rate appeared optimal for calcium fumarate production, whereas a 200-rev/min rate with higher aeration rates was more effective for sodium fumarate production. Omission of baffles in the fermentors resulted in diminished fumaric acid production. The presence of baffles and the proper rate of agitation were essential both for effective aeration and for the dispersal and maintenance of a suitable state of mold growth. The fermentor baffles were submerged in the medium, ending just under the liquid surface. A tendency was found for inoculum growth to adhere and to proliferate on baffle surfaces which extended above the medium. The approximate oxygen absorption rate in bisulfite under these conditions (0.5 v: v: min aeration, 300-rev/mmn agitation, pipe sparger, baffled fermentor) was previously determined to be 1.6 mM oxygen absorbed liter: min. A small quantity (50 ppm, v/v) was added to the fermentors before sterilization of the medium; this amount prevented foam formation during most of the fermentation. The manual addition at daily intervals of an additional 10 to 20 ppm sometimes was necessary during later stages of the fermentation.
The pattern of acid formation in this fermentation is readily ascertained from the data in Table 3 . The decreased yield of acid sometimes noted in samples taken at the end of the fermentations represents principally the correction applied for volume change in the fermentor. No actual measurement of the volume of liquid in the fermentor was possible during the fermentation. Concentration changes thus may have altered the apparent yields based on samples taken during the course of the fermentation. Final volumes of fermentation liquid were determined and the results for final samples corrected accordingly. At times, the entire fermentor contents were collected at completion of fermentation, measured, made to a corrected volume, and a sample then taken for analysis.
Flask fermentations. The fermentation of molasses besides commercial dextrose was described in a previous publication (Rhodes et al., 1959) . Brief trials were conducted to determine the feasibility of producing fumaric acid as the calcium salt by the fermentation of still other carbohydrates. The results are illustrated by the data shown in Table 4 . With the exception of hydrol, these grain carbohydrate substrates were converted to fumaric acid with reasonable efficiency; it is possible that further adjustment of the fermentation medium would make them even more amenable to fermentation. Hydrol was not readily utilized, probably because of the high salt content resulting from neutralization of the acid used for starch hydrolysis.
R (Table 5) indicates that less nitrogen was required when impure starch substrates were fermented than when relatively pure starches were used.
DIscussIoN
Fumaric acid can be produced efficiently by the fermentation of glucose with R. arrhizus in 20-liter fermentors. The fermentation followed a regular pattern. Initially, there was slow utilization of carbohydrate accompanied by the development of mycelial growth and initiation of acid production. A progressive increase in the rate of acid production and the virtual completion of mycelial development occurred between 12 and 24 hr. During the ensuing 24-to 48-hr period, the duration depending on available sugar supply, acid production, and sugar utilization were nearly linear (Fig. 1) . Subsequently, as the concentration of sugar diminished to less than 1 %o and as the CaCO3 was exhausted, the fermentation became more erratic and slowed considerably. Residual reducing action equal to 0.5 % glucose always was noted; it is not known whether this represented unfermented glucose or whether it resulted from the presence of other reducing material.
Although a theoretical yield of fumaric acid from hexoses may be considered to be 64.4 % (mole of fumaric acid per mole of glucose fermented), the data indicate that during the most rapid phases of fermentation, nearly complete utilization of glucose carbon to form fumaric acid was obtained. Such rates of con-I Rohm and Haas Company, Philadelphia, Pa. version occurred after mold growth was completed and may indicate the existence of a 2-carbon utilization pattern of the type established in bacteria by Kornberg and Krebs (1957) . During the 24-to 48-hr interval after completion of growth, nearly 100% of the weight of glucose fermented appeared as fumaric acid. For example, in the fermentor trial shown graphically in Fig. 1 , slightly more than 4 g of fumaric acid per 100 ml were formed from the fermentation of 4.2 g of glucose during the 36-to 48-hr period. Similarly, in another fermentor of the same run, 4.18 g of fumaric acid were formed from 3.87 g of glucose fermented. As may be noted from Table 3 , these results were not unique; the weight yield of fumaric acid often exceeded 64.4 % during the most rapid phases of acid production although yields of fumaric acid for the fermentation as a whole were about 65 %.
The formation of soluble fumarates was not practical. At very low glucose concentrations, reasonable conversion efficiencies sometimes were obtained in relatively short fermentation intervals; however, continuous addition of glucose did not alleviate the inhibition which became apparent as fumarate concentrations reached ca. 3 %. The development of a continuous fermentation to overcome fumarate inhibition probably would be difficult. Maintenance of sufficient vegetative mycelial growth in the fermentors would be especially troublesome with a nonseptate mold such as R. arrhizus because the mycelium, upon transfer to fresh medium, tends to increase in particle size and to form pellets without fragmentation.
No extensive investigation was made of the recovery of fumaric acid from fermentation liquors. A system based on the recovery of fumaric acid as the relatively insoluble free acid (0.7 g per 100 ml) was tried. First, the pH of the medium was adjusted to 3.5 with HCl to destroy any residual CaCO3, and the calcium fumarate was put into solution with heat; calcium fumarate was not appreciably hydrolyzed at this pH. The mycelium which agglutinated during heating was separated readily by coarse filtration. Addition of HCl to the filtrate to ca. pH 2 resulted in a heavy precipitation of finely divided fumaric acid particles, which continued as cooling occurred. The relatively great differential in the solubility of fumaric acid at 100 C (9.8%) and 25 C (0.7 %) made possible the solution and recovery of fumaric acid from a minimal amount of water. A substantial amount of fumaric acid remained adherent to, or contained in, the heated mycelium after filtration. Most of this acid could be recovered by further washing and heating of the mycelium in the residual liquor from the initial fumaric acid precipitation. 
